INTRODUCTION
Our understanding of the importance of ancillary ligands in organometallic chemistry becomes increasingly sophisticated with the advance of characterization techniques. At one extreme, there are ligands such as phosphines and cyclopentadienyl derivatives that, once coordinated to the metal center, impart certain electronic and steric properties but are not modified during the course of a chemical transformation. At the other extreme, there are ligands that cooperate with the metal during its reactions. [1] [2] [3] The distinction between these two classes is becoming blurry 4 as tools that can reveal changes in the electronic and geometric structure of a metal complex during the course of a reaction become available. 5 However, dynamic studies of the reactivity of metal complexes are still in the realm of specialized techniques and most information is gathered by investigating metal complexes in the absence of substrates.
Our group has been interested in understanding the synergistic effects resulting from the interaction of ferrocenebased ligands with metals that exist in various oxidation states. [6] [7] [8] [9] [10] [11] [12] [13] [14] We have shown that such ligands are capable of influencing bonding and enhancing reactivity of transition metals, [8] [9] [10] [11] lanthanides, [14] [15] [16] as well as actinides. [17] [18] [19] For uranium, we have observed a wide range of reactivity between tetravalent uranium complexes supported by such ligands and heterocycles. [20] [21] [22] [23] For example, (NN TBS )U(CH2Ph)2 (NN TBS = fc(NSi t BuMe2)2, fc = 1,1'-ferrocenediyl) was found to mediate the double C-H activation, C-C coupling, alkyl transfer, and ring opening of aromatic N-heterocycles (Scheme 1). Some of these reactions were identified as separate steps, others as part of cascades.
The ferrocene backbone may have a specific role in facilitating the unique reactivity observed described above. When the electron rich iron center of ferrocene and the electropositive metal ion are brought into close proximity, a donor-acceptor interaction may take place between iron and the metal ion. 24 This type of Lewis acid-Lewis base interaction was observed previously with both electrophilic early and late transition metals. [25] [26] [27] [28] [29] Recently, our group reported a dative Fe-Ru interaction in [Fe(η 5 -C5H4NH)2]Ru(PPh3)2 and characterized it by spectroscopic methods and DFT calculations. 30 
Scheme 1. Reactions of aromatic N-heterocycles mediated by (NN TBS )U(CH2Ph)2.
Of the examples reported, the Arnold group was the first to observe that the Fe-Ti distance in a series of compounds with the same NN TMS (NN TMS = fc(NSiMe3)2) ligand varied according to the electrophilicity of the titanium center: the Fe-Ti distance is 3.32 Å in the neutral dialkyl complex (NN TMS )TiMe2, but it shortens to 3.07 Å in the Lewis acid adduct [(NN TMS )TiMe][MeB(C6F5)3], and reaches the shortest value, at 2.49 Å, in the chloride bridging dicationic complex ([(NN TMS )Ti(µ-Cl)]2)[B(C6F5)4]2. Our group observed a similar trend for group 3 metal complexes supported by the NN TBS ligand: the Fe-Sc distance is 3.16 and 2.80 Å in (NN TBS )Sc(CH2C6H3Me2-3,5)(THF) and [(NN TBS )Sc(µ-Cl)]2, respectively. 28 A similar Fe-M distance shortening was observed upon one electron oxidation of (NN TBS )2U. 29 These examples show that the iron-metal interaction depends on the presence of other ligands coordinated to the metal center and becomes stronger when its electrophilicity increases.
In order to determine the role of the ferrocene backbone, we decided to initiate an in-depth investigation of the electronic structure of (NN TBS )U(CH2Ph)2. We approached this study by systematically analyzing the properties of several mono(1,1'diamidoferrocene) uranium complexes using cyclic voltammetry, electronic absorption and vibrational spectroscopy, as well as computational methods. In addition to studies aimed at characterizing the iron-uranium interaction in (NN TBS )U(CH2Ph)2, the electronic properties of NN TBS were compared to those of the ubiquitous Cp* (C5Me5) ligand.
RESULTS AND DISCUSSION
The following three uranium dibenzyl complexes (Chart 1) were compared: (NN TMS )U(CH2Ph)2, (NN TBS )U(CH2Ph)2, and (NN DMP )U(CH2Ph)2 (NN DMP = fc(NSiMe2Ph)2) in order to determine the role of the amide substituent. Although such modifications are minor, the NN TBS ligand has a privileged role in our uranium studies and we were interested in determining whether a large difference exists between the electronic structures of the three complexes. In addition, in order to understand whether the ferrocene backbone interacts with uranium, we decided to compare (NN TBS )U(CH2Ph)2 with complexes in which the benzyl groups are replaced with other anionic ligands (Chart 1). This series consists of the following complexes: (NN TBS )UI2(THF), (NN TBS )UI(OAr) (OAr = 2,6-ditert-butylphenoxide), (NN TBS )U(CH2Ph)(OAr), and (NN TBS )U(NPh2)2.
Chart 1. Series of 1,1'-diamidoferrocene uranium complexes.
Solid-state Structural Characterization. Comparison of the metal-metal distances with the sum of covalent radii for the two metals has long been used to probe the presence of weak metal-metal interactions. 26, [31] [32] [33] [34] [35] [36] Although the synthesis of (NN TBS )U(CH2Ph)2 was reported by us in 2008, 18 the data obtained from single-crystal X-ray diffraction was of low quality, preventing a detailed structural analysis. Since then, collection of good quality data ( Figure 1 ) allowed a redetermination of the crystal structure. In addition, (NN DMP )U(CH2Ph)2 was structurally characterized for the present study ( Figure 1 ).
Both metal complexes feature a distorted tetrahedral environment around uranium if contacts with iron and the ipsocarbon atoms (ca. 2.8 Å) are ignored. The coordination of both benzyl ligands is η 2 , and is more pronounced in (NN TBS )U(CH2Ph)2 (smaller UCC angles) than in (NN DMP )U(CH2Ph)2 (see Figure 1 caption for values). The most important feature for the present study, however, is the ironuranium distance of 3.1878(5) Å in (NN TBS )U(CH2Ph)2 and 3.1874(4) Å in (NN DMP )U(CH2Ph)2. For comparison, the same distance is 3.2039(5) Å in (NN TBS )U(CH2Ph)(OAr), 37 3.1786(24) Å in (NN TBS )UI2(THF), and 3.2323(5) Å in (NN TMS )UI2(THF); 19 all these distances are shorter than the sum of the iron and uranium covalent radii (3.28 Å). 38 Other structural parameters used to probe iron-metal interactions in ferrocene-based complexes are the Cp-ring twist angle and the Cp-Cp tilt angle (see Figure S44 for a description of these parameters). The Cp-ring twist angle is 3.6º in (NN TBS )U(CH2Ph)2 and 10.3º in (NN DMP )U(CH2Ph)2, while the Cp-Cp tilt angle is 121.2º in (NN TBS )U(CH2Ph)2 and 121.6º in (NN DMP )U(CH2Ph)2; for comparison, the Cp-Cp tilt angle in ferrocene is 107.4°. These values indicate an appreciable distortion of the ferrocene ligand as has been observed previously by us for metal complexes with weak iron-metal interactions. 9 (16) ; U(1)-C(1)-C(2), 91.58 (12) ; U(1)-C(8)-C(9), 100.59 (13) ; N(1)-U(1)-N(2), 139.08(06); U(1)-N(1)-C(15), 100.92(11); U(1)-N(2)-C(20), 100.28 (11) ; Fe(1)-C(15)-N(1), 128.09 (13) ; Fe(1)-C(20)-N(2), 128.98(13); U(1)-N(2)-Si(2), 141.12(09); U(1)-N(1)-Si(1), 131.82(09); C(15)-Fe(1)-C(20), 121.56 (7) . Cyclic Voltammetry. Electrochemical measurements of uranium dibenzyl complexes supported by the different diamidoferrocene ligands were conducted in α,α,αtrifluorotoluene (TFT) and diethyl ether, separately, with TPABAr F ([ i Pr4N][B(3,5-(CF3)2C6H3)4]) as the supporting electrolyte. Although tetravalent uranium alkyl complexes have been shown to activate carbon-fluorine bonds of perfluorocarbons, 39 we note that 1 H NMR spectra of all (NN R )U(CH2Ph)2 complexes measured after the electrochemical experiments showed no decomposition. Attempts to carry out voltammetric experiments in other solvents capable of dissolving both the supporting electrolyte and the uranium dibenzyl complexes were unsuccessful. Specifically, the former is insoluble in toluene and hydrocarbons, while the latter decompose in solvents such as THF and CH2Cl2. Experiments conducted in diethyl ether exhibit anodic waves that could not be interpreted; the coordination ability of diethyl ether is the most likely culprit because similar voltammetric behavior is observed upon addition of THF during measurements in TFT (see Figures S8 and S9 for details).
As shown in Figure 2 , when TFT was used as the solvent, (NN TMS )U(CH2Ph)2, (NN TBS )U(CH2Ph)2, and (NN DMP )U(CH2Ph)2 exhibit one reduction event between -2.7 V and -3.0 V; a small difference in reduction potentials is observed. Specifically, uranium is slightly more difficult to reduce when it is supported by NN TMS (Ered = -2.94 V) than by NN TBS (Ered = -2.75 V) and NN DMP (Ered = -2.74 V). Although the differences between the three dibenzyl uranium complexes are small, the reduction potential for (NN TBS )U(CH2Ph)2, featuring the electron donating t-butyl group, is similar to that of (NN DMP )U(CH2Ph)2, which features the electron withdrawing phenyl group, and not to that of the TMS analogue ((NN TMS )U(CH2Ph)2), bearing the electron donating methyl group. Furthermore, it is apparent that no current is generated on the reverse scan, implying that products of those reductions are unstable on the measurement time scale and are consumed in a chemical reaction. Increasing the scan rate of the applied potential revealed no change in the overall wave shapes ( Figure  S4 ), suggesting that the half-lives of these follow-up reactions are considerably lower than the duration of the scan. [40] [41] It is interesting to note that uranium is more difficult to reduce in (NN R )U(CH2Ph)2 than when it is supported by pentamethylcyclopentadienyl ligands. For example, (C5Me5)2U(CH2Ph)2 undergoes reduction at -1.95 V. 42 This increase in reduction potential implies that the electron density around uranium is greater when it is supported by 1,1'diamidoferrocene than pentamethylcyclopentadienyl ligands.
The main anodic event (between -0.50 and -0.75 V) is attributed to the oxidation of the iron center, which is most difficult to oxidize in NN TBS and least difficult in the NN TMS analogue. Although there is no correlation between the oxidation potential of iron and the electronic nature of silylamido substituents, the trend correlates with the steric properties of the amide substituents. Specifically, the effective steric bulk, as well as steric interaction, of a substituent is measured by A values, which follow the order t-Bu (A = 4.9) > Ph (A = 2.7) > Me (A = 1.8). 43 This trend, therefore, implies that the greater steric bulk of the t-butyl group on the amide substituent destabilizes the oxidized state of iron with respect to the methyl and phenyl analogues. It is worth noting that the overall electrochemical profiles of (NN R )U(CH2Ph)2 complexes are dependent on both the direction and the magnitude of maximum applied potential ( Figure 3 ). For example, the main oxidation event in (NN TMS )U(CH2Ph)2 occurs at approximately -0.71 V (wave A in Figure 3 ) when the scan is performed oxidatively. Two reductive events at -2.03 V and -2.36 V are also observed (A' and B in Figure 3 ). The former is attributed to the reduction of the species formed upon oxidation (represented by wave A), while the latter is likely due to reduction of 1,2-diphenylethane ( Figure 3 ). Comparison of the electrochemical profile of (NN TMS )U(CH2Ph)2 with that of 1,2-diphenylethane, whose cyclic voltammogram was collected by us under the same conditions (Figure 3) , shows that the benzyl radical undergoes radical-radical coupling. Consequently, this allows us to attribute the anodic event at -2.32 V (wave B' in Figure 3 ) to 1,2-diphenylethane. Reduction of 1,2-diphenylethane can generate a radical anion, which can undergo dimerization, disproportionation, fragmentation, or protonation. 44 Regardless of its fate, formation of 1,2-diphenylethane indicates that oxidation of 1,1'-diamidoferrocene uranium dibenzyl complexes proceeds via a radical mechanism.
Exact assignment of the inherently irreversible oxidative event observed at -1.68 V (wave C' in Figure 3 ) when the scan was performed in the reductive direction, however, is more difficult. It is clearly due to an electroactive species formed as a result of the main reductive event at -2.99 V (wave C in Figure  3 ), but the identity of these species is unknown. Comprehensive measurements can be found in Figure S7 of the Supporting Information.Next, we investigated the electrochemical behavior of complexes with the same ferrocene backbone (NN TBS ) and varied the labile ligands (CH2Ph, I, ArO, Ph2N). As shown in Figure 4 , replacing one benzyl ligand with an aryloxide increases the oxidation potential of iron by 240 mV (Eox = -0.50 V in (NN TBS )U(CH2Ph)2 vs. -0.26 V in (NN TBS )U(CH2Ph)(OAr)).
Replacing benzyl with diphenylamide ligands has the same effect (Eox = -0.19 V). This trend, i.e. more electron donating ligands destabilize the oxidized states for both metals instead of stabilizing them, is unexpected and difficult to explain. As discussed below, DFT calculations show similar parameters for the iron-uranium interaction in the (NN R )U(CH2Ph)2 and (NN R )UI2(THF) series, indicating that other factors may determine the changes observed by cyclic voltammetry. When both benzyl ligands are replaced by iodides, the anodic profile becomes more complicated: the main oxidation wave shifts to even more positive potentials (Eox = 0.13 V), while an additional anodic event observed at 0.80 V is ascribed to oxidation of uranium. Our reasoning for this assignment is based on the observation that the electron donating ability of diamidoferrocene ligands is strong enough to destabilize the trivalent state of uranium (i.e. shift the reduction potential to more negative values compared to the UI4(Et2O)2 precursor, Figure 4 ) and at the same time, stabilize its pentavalent state (i.e. shift the oxidation potential to more negative values). Finally, oxidation of iron is most difficult with the introduction of mixed ligands. Specifically, the oxidation potential of (NN TBS )UI(OAr) is greater than that of (NN TBS )U(CH2Ph)2 by almost 800 mV.
The reduction potential of uranium, which is irreversible in (NN R )U(CH2Ph)2 complexes, is essentially constant upon replacement of one benzyl with an aryloxide ligand (Ered = -2.72 V in (NN TBS )U(CH2Ph)2 versus -2.63 V in (NN TBS )U(CH2Ph)(OAr)). As shown in Figure 4 , the reduction of (NN TBS )U(CH2Ph)(OAr) is followed by a chemical transformation of the reduction product to an unknown redox active species (marked by asterisks in Figure 4 ). In contrast, the reduction of uranium in (NN TBS )U(NPh2)2 (Ered = -2.69 V) becomes more reversible. Moreover, as expected, introducing iodide ligands decreases the reduction potential, as exemplified by the electrochemical profiles of (NN TBS )UI2(THF) and (NN TBS )UI(OAr) complexes (Ered = -2.35 V and -2.55 V, respectively).
Near-Infrared Spectroscopic Studies. For uranium complexes, intraconfigurational f→f transitions are Laporte forbidden and appear as weak bands in the near infrared (NIR) region. [45] [46] [47] [48] Spectral features arising from these transitions are expected to remain roughly constant upon changing the ligand environment around the uranium center. As shown in Figure 5 , NIR spectra of 1,1'diamidoferrocene uranium dibenzyl complexes are characterized by absorption bands of low intensity (ε = 20-80 M -1 cm -1 ), with a broad band centered at approximately 1080 nm. The nearly identical features across this series suggest that these bands likely arise from electronic transitions within the uranium core. It is interesting to note that, in late transition metal complexes supported by chelating ferrocene ligands, 9 short iron-metal distances are associated with metal-to-metal charge transfer bands in the NIR region with intensities of the order of 10 2 M -1 cm -1 . Those bands allowed further characterization of the ironmetal interaction by resonance Raman spectroscopy. The lack of such metal-to-metal charge transfer bands for the uranium complexes studied here indicates that the ironuranium interaction is weaker or less covalent than in corresponding late transition metal complexes, an interpretation supported by the results of DFT calculations (see below). Figure 6 . NIR spectra of (NN R )UI 2 (THF) complexes (9-19 mM in THF).
The NIR spectra of (NN R )UI 2 (THF) complexes supported by different silylamido ferrocene backbones are also nearly identical ( Figure 6 ). All spectra feature five bands centered at approximately 950 nm, 1020 nm, 1150 nm, 1230 nm, and 1450 nm, with molar absorptivity values characteristic of f→f transitions within the uranium core. Like for (NN R )U(CH 2 Ph) 2 complexes, these bands are positioned at the same energies, suggesting that the three (NN R )UI 2 (THF) compounds have similar electronic structures. A comparison between the NIR spectral profiles of the (NN TBS )UX2 series shows differences between these spectra (Figure 7 ) that indicate that the electronic structure of the uranium core is somewhat perturbed by the labile ligands (CH2Ph, I, ArO, Ph2N). We draw attention to the similarity between the NIR spectra of complexes bearing mixed labile ligands, i.e. (NN TBS )UI(OAr) and (NN TBS )U(CH2Ph)(OAr), both of which have different spectra than those for complexes of homologous ligands, i.e. (NN TBS )UI2(THF) and (NN TBS )U(CH2Ph)2.
UV-Vis Spectroscopic Studies. Spectra of organoactinide complexes show, in the UV-Vis region, interconfigurational f→d transitions,which are allowed and thus give rise to intense absorption bands at high energy, 49 and absorption bands originating from charge transfer between the actinide and its ligands. Like f→d transitions, charge transfer bands are observed at high energy but are typically more intense. [50] [51] [52] [53] Moreover, the energy of charge transfer bands is affected by both the nature of the ligand and the oxidation state of the metal, as well as the distance between them. 49 In addition, absorption bands for the compounds discussed herein may also originate from electronic transitions based on the iron center, as well as their interaction with amido substituents or uranium.
As shown in Figure 8 , an absorption band at approximately 400 nm is observed in the UV-Vis spectra of (NN R )UI2(THF) complexes. The large extinction coefficient values (1100-1900 M -1 cm -1 ) preclude d→d transitions within the iron center as its origin. Charge transfer between the two metal centers can also be ruled out because the energy of the transition is too high across the series. Based on previously reported electronic absorption spectra of tetravalent uranium complexes, [54] [55] [56] [57] [58] [59] [60] [61] it is likely that this band arises from a combination of 5f→6d transitions within the uranium core and iodide→uranium charge transfer. This assignment is further supported by the observed similarity between the voltammograms (Figure 4 UV-Vis spectra of all three uranium dibenzyl complexes ( Figure 10 ) are also nearly identical, featuring a strong absorption band (10 3 M -1 cm -1 ) at approximately 300 nm, and a lower intensity band (10 2 M -1 cm -1 ) around 425 nm. Based on the discussion above for the corresponding diiodide uranium complexes, the first band is assigned to 5f→6d transitions within the uranium core, while the latter is assigned to d→d transitions within ferrocene. The assignment of the latter band is supported by the presence of a similar absorption in the UV-Vis spectrum of H 2 (NN TBS ) ( Figure 9 ). Unfortunately, overall, the electronic absorption spectra of complexes investigated herein do not provide any specific information that can be related to the iron-uranium interaction. Vibrational Spectroscopy. In order to gain further insight into the electronic structures of 1,1'-diamidoferrocene uranium complexes, we analyzed the infrared spectra of dibenzyl and diiodide derivatives. As shown in Figure 11 , the IR spectra of (NN R )U(CH2Ph)2 complexes are similar. The phenyl-bearing silylamido analogue ((NN DMP )U(CH2Ph)2), however, features one extra band at 1131 cm -1 , which likely corresponds to the C-6 C stretch of the phenyl rings since they are absent in (NN TMS )U(CH2Ph)2 and (NN TBS )U(CH2Ph)2. Figure 11 . IR spectra of (NN R )U(CH 2 Ph) 2 and (NN TBS )UI 2 (THF) in toluene and THF, respectively.
Previous studies on ferrocene and ferrocenium derivatives have found that the energy of the perpendicular C-H bending on both Cp rings is sensitive to changes in the electron density at the iron center and that the band corresponding to this vibrational mode shifts to higher energy upon oxidation of ferrocene (805 cm -1 in ferrocene vs. 851 cm -1 in ferrocenium). 62 Upon closer inspection, it becomes clear that, unlike all others, the most prominent band in the IR spectra shifts depending on the substituents of the ferrocene backbone. For example, in the SiMe3 analogue ((NN TMS )U(CH2Ph)2), this band is centered at 847 cm -1 but shifts to 836 cm -1 when a phenyl ring replaces one methyl group ((NN DMP )U(CH2Ph)2). The t-butyl group in (NN TBS )U(CH2Ph)2 instead further shifts the band to 829 cm -1 . In addition, the IR spectrum of (NN TBS )UI2(THF) (Figure 12) is essentially identical to that of (NN TBS )U(CH2Ph)2. According to DFT calculations for (NN R )UI2(THF) and (NN R )U(CH2Ph)2, this strong band corresponds to vibrational modes involving C-H bonds of the methyl groups on silylamido substituents. This stretching mode results in no change in the metal-metal distance. Therefore, this downward shift in energy (Me > Ph > t Bu) is likely a consequence of steric rather than electronic factors.
DFT Calculations. The coordinates for (NN R )U(CH2Ph)2, (NN R )UI2(THF) (R = TMS, TBS, DMP), and (NN TBS )U(CH2Ph)(OAr) were optimized using ADF2012.01. 63-64 An f 2 electronic configuration was assumed for all ground states based on experimental results (i.e. calculations were carried out using the spin unrestricted formalism with two α spins in excess of β spins). The value for the calculated Fe-U distance in (NN TBS )U(CH2Ph)2, 3.21 Å (see Table S1 in the Supporting Information for other parameters and other compounds), matches well the experimental distance determined by X-ray crystallography (3.19 Å, see above). Mulliken and Hirshfeld charges have been employed previously by us to characterize weak metal-metal interactions. 7, 9 Our results indicate that while the Mulliken charges do not differ between the three (NN R )U(CH2Ph)2 complexes, the Hirshfeld charge is somewhat higher for uranium in (NN TMS )U(CH2Ph)2 ( Table 1 ). In addition, the energies of the frontier molecular orbitals (Figure 12) show similarities between the three complexes, with a slight difference between (NN TMS )U(CH2Ph)2 and (NN TBS )U(CH2Ph)2, on one hand, and (NN DMP )U(CH2Ph)2 on the other. These results support our experimental findings, which show that the differences between the electronic structures of the three uranium dibenzyl complexes are small. Fe-U 0.07 0.07 0.07 Natural Bond Order Fe-U 0.03 0.03 0.03
The Mayer bond orders for the Fe-U interaction in (NN TMS )U(CH2Ph)2, (NN TBS )U(CH2Ph)2, and (NN DMP )U(CH2Ph)2 were calculated at 0.38, 0.39, and 0.41, respectively. For comparison, the bond order for the Fe-Ru interaction in [fc(NH)2]Ru(PPh3)2 was found to be 0.26. 9 While the increased Lewis acidity of uranium compared to that of ruthenium might account for the higher calculated bond order, it is important to mention that the average Mayer bond orders for U-N and U-C interactions in (NN TBS )U(CH2Ph)2 are 0.73 and 0.37, respectively. The diiodide complexes were found to have similar Mayer bond orders: (NN TMS )UI2(THF) (0.32), (NN TBS )UI2(THF) (0.35), and (NN DMP )UI2(THF) (0.32). It is important to note that Nalewajski-Mrozek bond orders (calculated from two-electron valence indices, 3-index set) have been recognized to describe binding with a strong ionic component better than Mayer values. [65] [66] For comparison, the Nalewajski-Mrozek bond order for the Fe-U interaction and averages for the U-N and U-C bond orders in (NN TBS )U(CH2Ph)2 are 0.71, 1.32, and 0.91, respectively (see Tables S10-S16 for other values). These values indicate that while the iron-metal interactions are weaker than single bonds, electron donation from iron to uranium likely takes place.
Natural bond order analysis 67 also showed similarities between the three (NN R )U(CH2Ph)2 complexes ( Table 1 ). The net overlap between iron and uranium as well as natural bond orders for Fe-U have the same value in all (NN R )U(CH2Ph)2 complexes. (NN DMP )U(CH2Ph)2 and (NN TBS )U(CH2Ph)2 bear two iron-centered (>70%) natural localized molecular orbitals (NLMOs) that have uranium contributions greater than 5%. Considering that uranium carries a more positive charge than iron, the calculated NLMOs ( Figures S52-S54) indicate that there is electron donation from iron to uranium. Moreover, frontier molecular orbitals agree with this depiction: two molecular orbitals for (NN TBS )U(CH2Ph)2 (HOMO-3 and HOMO-7, Figure 13 ) and (NN DMP )U(CH2Ph)2 (HOMO-5 and HOMO-6, Figure S56 ), and one for (NN TMS )U(CH2Ph)2 (HOMO-3, Figure S54) show overlap between iron and uranium atomic orbitals. Interestingly, although the uranium 7 contribution is small in all cases, the f orbitals are the main participants used for this interaction. In order to characterize the iron-uranium interaction further, we employed Bader's Atoms in Molecules (AIM) theory. [68] [69] Bader charges on uranium and iron are nearly identical in each case for (NN R )U(CH2Ph)2 and (NN R )UI2(THF) complexes ( Table 2 ). More importantly, AIM has been used to characterize bonds between two metal centers 70 and in ferrocene complexes. 71 AIM identifies any type of bond by determining whether a (3, -1) critical point exists between two atoms. A (3, -1) critical point was located in each (NN R )U(CH2Ph)2 complex at 1.60 Å ( Figure S52) , which is the midpoint of the Fe-U distances, supporting the presence of a weak interaction between the two metal centers. A distinction between covalent bonds from weak interactions (i.e. hydrogen bond, van der Waals, and donor-acceptor) can be made using the value of the Laplacian of charge density (∇ 2 ρ). Specifically, ∇ 2 ρ > 0 corresponds to a weak interaction, while ∇ 2 ρ < 0 indicates a covalent bond. In all (NN R )U(CH2Ph)2 complexes, the value of ∇ 2 ρ is greater than 0 ( Table 2 ), suggesting the presence of a non-covalent interaction. Compound (NN TBS )U(CH2Ph)2, with the highest ∇ 2 ρ value, features the most ionic interaction between iron and uranium of the three dibenzyl complexes studied. In addition, the contour plot of the Laplacian of charge density for (NN TBS )U(CH2Ph)2 in the plane of iron, uranium, and one of the amide nitrogen atoms ( Figure 14) shows low electron density between the two metal centers and a gradient that is consistent with a weak interaction. This is in contrast with the higher gradient observed between the amide nitrogen and carbon atoms (N1-C15 and N2-C20), which form a covalent bond.
CONCLUSIONS
We have systematically analyzed the properties of several mono(1,1'-diamidoferrocene) uranium complexes using cyclic voltammetry, electronic absorption and vibrational spectroscopy, as well as computational methods. Varying the amide substituents on the ferrocene backbone bestows little influence on the oxidation of iron and the reduction of uranium in the three (NN TBS )U(CH2Ph)2 complexes. However, the ferrocene diamides significantly increase the reduction potential of uranium, which suggests that they are stronger electron donors than pentamethylcyclopentadienyl ligands. Similar metrical parameters were observed for (NN TBS )U(CH2Ph)2 and (NN DMP )U(CH2Ph)2 (and also for the previously reported (NN TMS )UI2(THF), (NN TBS )UI2(THF), and (NN TBS )U(CH2Ph)(OAr)) that translate in similar DFT parameters (bond orders, metal charges) despite some small differences observed by electrochemistry and vibrational or electronic absorption spectroscopy. Overall, changes in ligands had a minor effect on the iron-uranium interaction and the usual characterization spectroscopic methods are not sensitive enough to measure them. DFT calculations provided additional information (natural bond order analysis and Bader's atom in molecules method) and is the only method that, together with X-ray crystallography, allowed the characterization of the ironuranium bond as a weak donor-acceptor interaction in these complexes.
EXPERIMENTAL SECTION
General Considerations. All experiments were performed under a dry nitrogen atmosphere using standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified using a two-column solid-state purification system by the method of Grubbs 72 37 were synthesized following previously published procedures. NMR solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored over activated molecular sieves prior to use. 1 H and 13 C NMR spectra were recorded on Bruker300 or Bruker500 spectrometers at room temperature in C6D6 or CDCl3. Chemical shifts are reported with respect to solvent residual peaks, 7.16 ppm (C6D6) or 7.26 ppm (CDCl3). IR spectra were recorded on a JASCO FT-IR-420 spectrophotometer from 4000 to 400 cm -1 using a sealed liquid cell from International Crystals Laboratory with a 1 mm path length and KBr windows. Cyclic voltammetry measurements were conducted on a CH Instruments CHI630D potentiostat using a 2-mm platinum disk as the working electrode, 3-mm glassy carbon disk as the counter electrode, and 0.25-mm silver wire as the pseudo-reference electrode. CHN analyses were performed on an Exeter Analytical, Inc. CE-440 Elemental Analyzer. Cyclic voltammetry. Most voltammetric measurements were conducted in tetrahydrofuran (THF) with TPABAr F as the supporting electrolyte. In some experiments, dichloromethane, α,α,α-trifluorotoluene (TFT), and diethyl ether (Et2O) were used as solvents, while sodium tetrakis[3,5bis(trifluoromethyl)phenyl]borate (NaBAr F ), tetrabutylammonium iodide (TBAI), and tetrabutylammonium hexafluorophosphate (TBAPF6) served as electrolytes. 1 H NMR spectra of all complexes were acquired before and after each experiment in order to verify that no decomposition occurred in due course. When possible, electrochemical behavior of each compound was studied in various media to aid interpretation of data. A 2-mm platinum disk, 3-mm glassy carbon disk, and 0.25-mm silver wire were used as working, counter, and reference electrodes, respectively. Moreover, all redox potential values are mentioned with respect to that of ferrocene, which was added to the electrochemical cell at the end of each measurement. DFT calculations. Computational studies were performed with ADF2012.01. For all atoms, except carbon and hydrogen, standard triple-ζ STA basis sets from the ADF database ZORA TZP were employed with the 1s-4f (U), 1s-3p (Fe), 1s-2p (Si, P), and 1s (N, C) electrons treated as frozen cores. The generalized gradient approximation (GGA) by Becke-Perdew was used together with the exchange and correlation corrections that are employed by default by the ADF2012.01 program suite. For NBO and Bader calculations, analysis was performed with full electron (no frozen cores) TZP basis sets and using the scalar ZORA approximation. Calculations were carried out using the scalar spin-orbit relativistic formalism. Mayer bond orders and atomic properties were calculated using the defaults implemented in the ADF2012.01 program suite. The optimized coordinates were used for further analysis with NBO 5.0 68 and Bader's Atoms In Molecules (AIM) methods, implemented in ADF.
Synthesis of (NN DMP )UI2(THF).
A slurry of [K2(OEt2)2](NN DMP ) (95 mg, 0.013 mmol, 0.9 equiv) in THF was added to a frozen THF solution of UI4(1,4-dioxane)2 (137 mg, 0.015 mmol, 1 equiv). The reaction mixture was allowed to stir at room temperature for 1 h. It was then filtered through Celite. The filtrate was dried, the crude solid dissolved in toluene, then filtered through Celite and dried. Yield: 133 mg, 85%. (NN DMP )UI2(THF) is insoluble in hexanes, n-pentane, diethyl ether, slightly soluble in toluene, and completely soluble in THF and CH2Cl2. 1 H NMR (300 MHz, CDCl3), δ (ppm): 55.7 (s, 12H, -Si(CH3)2), 51.9 (s, 4H, -Si(C6H5)), 13.6 (s, 4H, -Si(C6H5)), 11.1 (s, 2H, -Si(C6H5)), -19.2 (s, 4H, CpH), -26.0 (s, 4H, -OC4H8), -39.4 (s, 4H, CpH), -68.9 (s, 4H, -OC4H8). Elemental analysis for C30H38FeI2N2OSi2U (1046 g/mol): Calcd. 34.43% C, 3.66% H, 2.68% N; Found: 34.68% C, 3.61% H, 2.55% N. Synthesis of (NN DMP )U(CH2Ph)2. A toluene slurry of KCH2Ph (42.7 mg, 0.33 mmol, 2.1 equiv) was added to a cold toluene solution of (NN DMP )UI2(THF) (163.9 mg, 0.16 mmol, 1 equiv). After 75 min of stirring at room temperature, the solution was filtered through Celite and toluene was removed under reduced pressure. The product was extracted into hexanes. Yield: 128.6 mg, 89%. (NN DMP )U(CH2Ph)2 is soluble in all common organic solvents. Its stability in THF and halogenated solvents was not tested. 1 
